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The development of tractors and tools directed to system with either attached or trailed machines resulted in certain discrepancies between the manner of operation of tractors and the methods of measuring their tractive properties. Attached and/ or trailed sets of machines are characterised by the fact that the tools are connected with the tractor by means of a three-point linkage so that their resulting force effect on tractor is usually markedly different from effects of simple tractive forces, which typically exist in each tractive test of tractors.
Measurements of forces existing in the threepoint linkage of a tractor and the projection of measured force effects into its centre of gravity were described by Bauer et al. (1989) . Results of the first experiment with the determination of effects of the ploughing operation on soil compaction were presented in a paper published by Mišun and Bauer (1992) . Problems associated with force effects of ploughs on tractors ploughs kinematics were studied by many authors (Kazzaz, Grečenko 1968; Upadhyaya, Kemble 1985; Sloboda et al. 1997; Mouazen et al. 2009 ). Also other factors affecting drawbar characteristics such as tire inflation and others were deeply studied (Novák et al. 2009; Šmerda, Čupera 2010) .
The objective of this paper is to describe forces influencing wheels of a ploughing tractor and to find out which of them put a concrete load on driving wheels because the driving wheels are of crucial importance for the tractor's tractive efficiency. Concerning tractive efficiency, there is a concern to reach the maximum values of this factor but, regarding effects of an undesirable compaction of soil (and subsoil), the adhesion load of driving wheels is in conflict with this requirement above all in case of ploughing aggregates, with right wheels moving in the furrow. As far as these ploughing aggregates are concerned, many authors refer to the compaction of subsoil due to the movement of tractor wheels in the furrow (Upadhyaya, Kemble 1985; Renius 1987) . The analysis of forces influencing the threepoint linkage of a ploughing tractor was performed due to the fact that, as compared with tractor tractive tests, the load of a ploughing tractor shows characteristic differences. When ploughing, the tractor wheels move on one side in the furrow so that it is inclined. In combination with power effects of the plough this inclination causes a different load of individual wheels and changes in the load of both axles. This results in significant changes not only in the grip of driving wheels but also in an increased compaction of soil. Performed analysis can be used for further studies on dynamic properties of tractor units or other vehicles as described e.g. in Chalupa et al. (2006 Chalupa et al. ( , 2009 .
MATeriAL And MeThodS
Field measurements were performed on the farm Agroservis Višňové (Znojmo district, Czech Republic), on a field with sandy-loamy soil (the average moisture content W h was 17 vol. % and the measured specific resistance of plough was 69 kPa). All measurements were performed under identical conditions. The total area of the experimental field was 60 ha and the measurements were performed on a plot 50 m long. Prior to the measurements the plough and its linkage were adjusted in such a way that it was possible to observe effects of different lengths of the upper bar on selected parameters of the ploughing aggregate. During all measurements it was strictly controlled that the plough was correctly adjusted and that the ploughing result met all agrotechnical requirements. This paper presents results of those measurements, which demonstrate problems associated with the load of driving wheels of a tractor when ploughing either on its right or the left side with an attached reversible plough. As during nearly all tests not only the forces in drawbars of the three-point linkage but also the tractive force existing in the traction rope (the ploughing tractor was pulled by another tractor by means of a rope), the measured force F ts could be used as an input value not only for the estimation of the momentary average coefficient of the rolling resistance f v but also of the momentary average coefficient of adhesion µ. However, this could be performed only on the assumption that also another input value -resistive force F w (required for the surpassing of the resistance in gearings of the pulled tractor) would be exactly measured. Measurements of gear resistance were performed on a roller dynamometer in laboratories of Mendel University in Brno, Brno, Czech Republic.
Measurements of forces influencing the ploughing tractor were performed by means of five tensometric sensors fitted to drawbars of the three-point . 57, 2011, No. 3: 79-87 R es. Agr. Eng. linkage and also to the pulling rope ( Fig. 1) The average sectional forces were transformed into the gravity point of the tractor within each time interval i = 1... n using the relationship
where:
is the matrix of transformation of binding effects from points AL, AP, DL, DP, and H ( Fig. 2) into the tractor's centre of gravity; x, y, z are coordinates of corresponding points AL, AP, DL, DP and H and
is the vector of force effects in the aforementioned binding points. It is also obvious that
If the product of Eq. (2) is, among others, also the force F Tx , it is obvious that the difference 
is equal to the sum of the F v force of rolling resistance of wheels of the pulled tractor with the resistance force F w of freely rotating tractor's parts. It results from Eq. (10) that the resistance is the force of rolling resistance
If α is the tilt angle of the tractor driving with left wheels in a furrow then the total vertical force affecting the tractor in its centre of gravity is expressed by the equation
and the average momentary sectional value of the coefficient of rolling resistance 
The statistical analysis of measurements of ploughing operations at the measured concrete value f -= 0.08 produced F -w values ranging from 1.8-2.4 kN (Eq. 14).
When modelling the tractor's drive, the front wheels were replaced by a single wheel with a doubled reaction 2 × F Cz (Fig. 3 ) and with the total side effect F Cy , which influences both front wheels. Due to the tractor's inclination such a single wheel follows an imaginary pathway but has the same properties ( f v , µ) as rear wheels.
The transformation of binding reactions and reactions of soil to the tractor's movement (as projected into its centre of gravity) and the equation of the balance of actions and reactions in this centre of gravity is expressed by the equation Vol. 57, 2011, No. 3: 79-87 R es. Agr. Eng. is the matrix of transformation of binding reactions of the plough into the tractor's centre of gravity, where x, y, and z are coordinates of points L, P, and C of the tractor; r and R represent radius of wheels and
is the vector of the binding reactions of soil to the tractor's movement.
As the modelling of this problem was based on an assumption that both the front double wheel and the rear wheels are driving wheels with differential locks, then
provided that the denomination
is used in accordance with Fig. 3 . Eq. (15) results in obtainment of six equations for a set of six unknowns
The algorithm described above indicates that it is possible to calculate forces and moments working in the tractor's centre of gravity as well as forces influencing its rear wheels and the forces occurring in the point C (Fig. 3) . As the objective of this paper is to explain reactions of soil to the movement of rear wheels of the ploughing tractor (which participate in a decisive manner in an efficient transfer of the driving moment from wheels on the soil surface) the tables contain only those values that are directly related to these problems.
A series of measurements presented in Table 1 refer to those ploughing operations, which were performed on the left side of the pathway of a ploughing tractor. The upper drawbar of the tractor's three-point linkage was adjusted to three different lengths. For Groups A, B and C of measurements, the lengths of the upper drawbar were adjusted to 640 mm, 665 mm, and 695 mm, respectively. The measured values indicate that in Group A (with the shortest drawbar) a marked tractive force was recorded in all measurements and that its average value was 11.93 kN. In Group B the length of upper drawbar was 665 mm and it was found out that due to the elongation by 25 mm the tractive force decreased to 5.01 kN. In Group C the length of the upper drawbar was 695 mm and the point M moved freely within the oblong opening of the plough (see a detail in Fig. 1 ). Theoretically, there should not be any force measured in the upper drawbar. However, the bumpiness of the field surface caused that the average values of measured forces were not zero but fluctuating about zero values. Results of these measurements were analysed statistically by means of the regression analysis. The measured values were plotted along a straight line using the results of linear regression. The statistical significance of the regression function was tested by F-test. Test results presented in Table 2 indicate that the tested regression was statistically significant (this was also documented by the calculated significance levels). The significance of the regression function coefficients was tested by t-test and the obtained results are presented in Table 2 . These results indicate that the calculated coefficients were statistically highly significant. Vol. 57, 2011, No. 3: 79-87 R es. Agr. Eng. that with the increasing force working in the upper drawbar the wheel moving in the furrow is de facto deloaded (Fig. 2) . If the difference in forces influencing the left and the right rear driving wheels (F Lc -F Pc ) is denoted as a value dependent on the moment M Tx (Fig. 5) , then it is possible to say that the length of the upper drawbar influences the load of wheels in the furrow and on the field. As far as the pulling characteristics of a tractor are concerned it is possible to conclude that the length of the upper drawbar of the threepoint linkage influences the load of wheels moving in the furrow and on the field surface. With regard to the pulling characteristics of tractors this observation is significant.
The series of measurements presented in Table 3 refer to ploughing performed on the right side of the moving tractor. The upper drawbar of the three-point linkage was adjusted to two different lengths. For the measurements marked in Table 3 as Groups A and B the upper drawbar was adjusted to the same lengths as in experiments with left-side ploughing, i.e. to 640 mm and 665 mm for groups A and B, respectively. The measured data indicate that in Group A with the shortest upper drawbar marked tractive forces were registered in all cases and that their average value was 11.22 kN. Group B involves measurements performed on drawbars adjusted to 665 mm (i.e. +25 mm) and its length was the same as in experiments with ploughing on the left side of the moving tractor. The obtained results indicate that the ploughing operation on tractor's right side was subjected to the same rules as in a series of measurements performed on the left side of ploughing tractor.
This analysis indicates that the moment M Tx increased with the increasing force working in the upper drawbar; this means that the load of wheels moving in the furrow is reduced. This is quite logical because the increasing tracking force in the upper drawbar always causes a deloading of plough's supporting wheel. The centre of gravity of a fourfurrow mounted plough used in these experiments was situated on the left side of the tractor's longitudinal axis. In case that the supporting wheel is deloaded, the mass of the tractor influences more the opposite driving wheels, which moves on the field surface (i.e. the left one when ploughing on the right side of the tractor and vice versa). diScuSSion Renius (1987) mentioned that (under conditions of 20% slippage) the ploughing aggregate consisting of a tractor and a four-furrow reversible mounted plough showed 45% and 25% of load on the wheel moving in the furrow and on the field surface, respectively.
Results presented in this paper were obtained also in experiments with attached four-furrow reversible plough. The average slippage was 15%. Results of regression analysis of measured and calculated data are presented in Figs 4-7. The linear dependence of the course of M Tx moment on the force working in the upper drawbar F h of the threepoint linkage is illustrated in Figs 4 and 6. It can be concluded that the greater the force working in the upper bar, the lower the load of the rear supporting wheel and the higher the moment M Tx . This means that when ploughing on the left side of the tractor the negative moment M Tx increased with the increasing value of the force F h . As shown in Fig. 2 , the x-axis is oriented against the direction of tractor's movement and for that reason the negative moments operating along the x axis deload the wheel moving in the furrow. This is quite logical because when ploughing with the deloaded supporting wheel of the plough the moment M Tx must be absorbed in lifting drawbars Ploughing on right; for abbreviations see Table 1 of the three-point linkage. The moment M Tx then influences the rear wheels and reduces the response of soil to the wheel moving in the furrow. This is documented in Figs 4 and 6, which illustrate the dependence of differences in this reaction of soil to moving wheels on the negative moment M Tx . It results from Tables 2 and 3 as well as from Figs 5 and 7 that with the increasing forces working in the upper drawbar F h the difference between the load of wheel driving in the furrow and that moving on the field surface decreases. This fact shows a positive effect on tractive characteristics of the rear axle. On the other side, however, it is also possible that with the increasing force occurring in the upper drawbar the front axle of the tractor might be undesirably deloaded. To prevent this, it is always necessary to add a sufficient weight to the front axle of a tractor with an attached reversible plough. Vol. 57, 2011, No. 3: 79-87 R es. Agr. Eng. 
